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1 Introduction
1.1 Introduction to VERITAS
The Very Energetic Radiation Imaging Telescope Array System (VERITAS) is an array of four 12-meter
telescopes located at Fred Lawrence Whipple Observatory in Southern Arizona which are used for highenergy gamma-ray astronomy [2]. The configuration of the four telescopes is shown in Figure 1. The
telescopes observe gamma-rays with energies between 50 GeV and 50 TeV using the Imaging
Atmospheric Cherenkov Technique. When high-energy gamma-rays enter the Earth’s atmosphere, they
interact with the air molecules to create a shower of charged, high-energy particles called an air shower.
The air shower travels through the atmosphere faster the speed of light in the atmosphere which causes
Cherenkov light to be emitted. The Cherenkov light is then measured by the telescopes and used to
indirectly detect the original gamma-ray.
Each telescope is made of an arrangement of mirrors designed to redirect light arriving at the
telescope to specific phototube detectors so that each detector corresponds to light arriving from a
certain angle relative to the pointing of the telescope. The signal from each phototube is then
represented digitally as a pixel in a measurement. Software is then used to reconstruct information
about the original gamma-ray, called the gamma-ray parameters, based on the intensity of the signal in
each pixel and the relative locations of pixels with signal. The reconstructed gamma-ray parameters are
the coordinates of the path the gamma-ray traveled and the energy of the gamma-ray.
The specific method used by the software is chi-square minimization. Simulations have been used to
generate templates showing what the expected measurement looks like for controlled gamma-ray
parameters. Chi-square minimization compares a new measurement taken by VERITAS to the templates
and determines the error between the actual measurement and the expected measurements predicted
by the templates. This error is then minimized, and the gamma-ray parameters of the template with the
least error are then inferred to be the parameters of the gamma-ray which generated the new
measurement.

Figure 1: The Very Energetic Radiation Imaging Telescope Array System [2].
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1.2 Introduction to Research Objectives
Current VERITAS gamma-ray reconstruction is done using only the information of which pixels have
any signal, and the magnitudes of the detected signals. However, the VERITAS telescopes additionally
measure the times at which signal is detected in each pixel. As a result, the chi-square minimization
process could be improved to become more accurate if signal detection timing information was also
considered in the error minimization. The reason timing information isn’t currently considered is that
the existing templates don’t accurately simulate signal detection times. The benefit from considering
timing information could be especially useful for reconstructing low-elevation gamma-ray, where the
existing reconstruction is less accurate.
The overall objective of this research project is therefore to improve the accuracy of the VERITAS
gamma-ray reconstruction software by creating a way to model Cherenkov light arrival at the telescopes
and generating new templates with associated timing information. This research project also has a
secondary goal which comes from the fact that the existing VERITAS software has a degeneracy that
causes gamma-rays with lower energy that are closer to the telescopes to appear similar to gamma-rays
with higher energy that are farther from the telescopes. The secondary goal is therefore to find out if
this degeneracy can be broken using timing information.

1.3 My Involvement and Experiences
My primary involvement with the VERITAS collaboration, the community of researchers who
operate and conduct science using VERITAS, is through this research project which I conducted over a
span of three years on-and-off and am using to write my Senior Thesis for my Physics B.S. from Cal Poly
SLO. For the research, I first learned about the physics behind VERITAS and how to code. I then went on
to constructed two different Cherenkov light models. The first model was the geometric model, which
focused on showing the relative light arrival time between telescopes. The second model was the light
propagation model, which was a higher resolution model that additionally showed pixel-to-pixel timing
variation within each telescope. The final step in the research was to compare the results of the models
to existing VERITAS data. However, I also worked at the Fred Lawrence Whipple Observatory staffing the
VERITAS telescopes as part of my research experience. Over my several weeks at the telescopes, my
official duties consisted of following procedures to run the telescopes during startup, data collection,
and shutdown, and helping to selecting observing targets and control the telescopes. A picture of a
telescope I took while working at the observatory during this hands-on experience is shown in Figure 2.
Overall, I view this research experience as incredibly helpful, both for my physics education and for
my perspective of my career goals. By working at VERITAS, I got to see in person how the telescopes
operated which helped to answer various questions I had about how exactly they physically worked and
how data was collected. Additionally, the physical reality of the telescopes helped to provide concrete
representations of ideas that were previously only abstractions to me, such as how the mirrors and pixel
system worked to create the data sets I was familiar with. This knowledge was very useful for conducting
my research project, and a significant step above the lab work from my classes which let me build
appreciation for experimental physics. In addition to letting me gain real experience with long duration
research, this project has allowed me to gain an in-depth understanding of a specific physics discipline in
the form of VERITAS, has allowed me to improve my science communication skills through a multitude of
presentations and reports, and has helped me decide to pursue a graduate education.
5

Figure 2: Photograph of one of the VERITAS telescopes at sunset.

2 The Geometric Model
2.1 Overview of the Model
The geometric model was my first approach at modeling the Cherenkov light as it reached the
telescopes. The idea behind the model was that if the air shower can be viewed as approximately in-line
with the velocity vector of the gamma-ray and the Cherenkov angle is constant for a given event, then
each point on the ground is uniquely contacted by only one Cherenkov light path. This distinction is
important because it means the time when light will reach the unique ground location of a given
telescope can be easily calculated using a triangle which is fully defined by the gamma-ray parameters
and the telescope location. Figure 3 shows a diagram of such a triangle, with important components of
the triangle named. The model is especially useful because it allows for simple calculation of Cherenkov
light arrival times by only doing calculations associated with Cherenkov light that will be detected
instead of trying to simulate the full shower and all Cherenkov light paths.
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Figure 3: Visualization of important parameters in the geometric model.

2.2 Assumptions and Simplifications
In exchange for its simplicity, the geometric model requires a large number of simplifying
assumptions to be valid for the purposes of the analysis. The primary simplifying assumption involved is
that the air shower is comparatively cohesive and can be modeled as a single line which follows the
same path as the gamma-ray. While this is known to be incorrect, the lateral spread of the air shower is
small compared to the overall size of the path traveled by the gamma-ray and the air shower [1].
The next simplifying assumption was that Cherenkov light was emitted only at a chosen, constant
𝑐

characteristic angle, when in reality the Cherenkov light emission angle is given by 𝜃 = 𝑐𝑜𝑠 −1 (𝑛𝑣)
where 𝜃 is the emission angle, c is the speed of light, v is the speed of the particle creating Cherenkov
light, and n is the index of refraction of the material the particle is traveling through. The maximum
possible Cherenkov angle for a particle traveling near the speed of light in air is thus 1.4 degrees, and
Figure 3 can be understood as showing a greatly exaggerated Cherenkov angle. A characteristic
Cherenkov angle can then be estimated as near 1.4 degrees, but a little less based on the energy of the
gamma-ray and the lower index of refraction at higher altitudes which both lead to lower emission
angles.
The next simplifying assumption was a direct result of the prior two assumptions and was that the
energy of the source leading to Cherenkov emission was constant throughout the process. In the actual
process, as the gamma-ray creates the air shower and the air shower propagates, energy is spread
between different particles, leading to different orientations, different velocities, and different
Cherenkov light emission angles. However, particles must be traveling faster than the speed of light in
the medium to generate Cherenkov light, so most of these particles will not generate Cherenkov light
and can be reasonably neglected in the model.
The fourth simplifying assumption was that the Cherenkov light didn’t bend as it traveled due to the
atmosphere’s altitude-dependent index of refraction or other factors, and more generally that the
atmosphere’s index of refraction was constant. All four of these simplifying assumptions were required
7

for the core idea behind the model, that each point on the ground will only receive Cherenkov light from
one path, to be true.
The final two simplifying assumptions for the geometric model, which weren’t necessary for the
model but made its creation easier and were small sources of error compared to the other simplifying
assumptions, were that all telescopes were viewed at point-detectors at their ground location, and that
all telescopes were located at identical altitudes.

2.3 Mathematical Description
The model worked by taking the parameters of the gamma-ray as inputs and then outputting the
time when light would arrive at each telescope’s location. By the Angle-Angle-Side Theory, the triangle
shown in Figure 3 is fully defined because one angle is given by the gamma-ray orientation, one angle is
the characteristic Cherenkov cone angle, and a side length can be calculated using the distance between
the gamma-ray ground location and the telescope’s location. Once those three values were found, the
model specifically calculated the length of the shower path and the light path using the Law of Sines.
Note that all ground locations were calculated using x and y coordinate locations relative to a standard
reference point set by the VERITAS collaboration.
The time when the shower reached the gamma-ray ground location was then called time zero. The
time taken for the shower to travel from the point when it emitted Cherenkov radiation that would
reach the telescope to the gamma-ray ground location was then calculated by dividing the length of the
shower path by the speed of the shower. This time was then subtracted to find the time, relative to time
zero, when the Cherenkov light that would reach a telescope was emitted. The time between the
Cherenkov light being emitted and reaching the telescope was then calculated by dividing the length of
the light path by the speed of light in the atmosphere. This time was then added to the time when the
Cherenkov light was emitted to calculate the time, relative to a common time zero, when light reached
the telescope. By repeating this process for each telescope, the time relative to a common zero when
light would reach each telescope was given. The overall equation to calculate this time is given by
𝑡 = 𝑡0 −

𝑆ℎ𝑜𝑤𝑒𝑟𝑃𝑎𝑡ℎ
𝑐

+

𝑛×𝐿𝑖𝑔ℎ𝑡𝑃𝑎𝑡ℎ
c

where 𝑡0 is the common reference time 0, c is the speed of light, and n is the index of refraction of the
atmosphere. The process described above was then repeated for a wide variety of changing gamma-ray
parameters to qualitatively examine the impact of different parameters on the resulting arrival time of
Cherenkov light at the telescopes.

8

2.4 Results of the Geometric Model
The geometric model served its purpose well by roughly showing the relationships between
Cherenkov light arrival times at telescopes and gamma-ray parameters. Figure 4 is an example of a
standard plot produced by the geometric model, where timing information for a wide range of gammaray ground locations were plotted together for a gamma-ray with 90-degree elevation. The x and y axes
of the plot representing changing the gamma-ray ground location, and the color at each point
represents the time at which Cherenkov light will arrive at the telescope the plot is for relative to the
common zero time, for instance in Figure 4 the top-left plot “T1 Timing” displays the time when
Cherenkov light reaches telescope 1. Some plots instead show the time when Cherenkov light reaches a
telescope relative to when light reaches another telescope, such as the bottom-left plot in Figure 4, “T3
Relative to T2,” which displays how long it takes for Cherenkov light to arrive at telescope 3 after light
reaches telescope 2. In all plots the ground location of the telescope information is displayed for is given
by a white cross, and in plots where timing information is shown relative to another telescope instead of
the common zero time the location of the other telescope is given by a red cross. The figures shown are
accurate for ground location being in meters and the timescale being in seconds, and Figure 4 in
particular is a validation that shows the model is working as anticipated. For an elevation of 90 degrees,
the only thing timing should depend on for a given telescope is the distance between the gamma-ray
ground location and the telescope, and the plots display this dependence through circular symmetry.

Figure 4: Changing gamma-ray ground location for a 90-degree elevation gamma-ray.
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Figure 5: Light detection times relative to telescope 1 when changing the gamma-ray ground location for
a gamma-ray with 75-degree elevation and 33-degree azimuth.
Figure 5 displays the main result of the geometric model. It shows the results for an arbitrarily
chosen gamma-ray with an elevation of 75 degrees and an azimuthal angle of 33 degrees at different
core location. Specifically, it shows that for the given elevation and azimuth, the relative timing between
telescopes is almost independent of gamma-ray ground location because the color is almost the same
regardless of ground location in the respective plots which show the relative timing of telescope 2,
telescope 3, and telescope 4 to telescope 1.
Figure 6 expands on this result by showing how changing the azimuthal angle effects the relative
time when Cherenkov light arrives at different telescopes for fixed gamma-ray parameters of 75-degree
elevation and ground location at 43 meters along the x axis and -13 meters along the y axis. Specifically,
Figure 6 shows that the relative order in which light arrives at the different telescopes depends strongly
on the azimuthal angle. Figure 7 is the final takeaway plot for the model, and shows the relationship
between elevation and the magnitude of relative Cherenkov light arrival times for the same gamma-ray
from Figure 6 at a single azimuthal angle of 90.
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Figure 6: Light detection times relative to telescope 1 when changing the azimuth for a gamma-ray with
75-degree elevation and a fixed gamma-ray ground location at (43, -13).

Figure 7: Light detection times when changing the elevation for a gamma ray with 90-degree azimuth
and a fixed gamma-ray ground location at (43, -13).
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A summary of the conclusions from the geometric model are that the order in which Cherenkov light
arrives at telescopes depends on the azimuth of the gamma-ray and the magnitude of the timing
differences depends mostly on the elevation of the gamma-ray, slightly on azimuth of the gamma-ray,
and very slightly on the ground location of the gamma-ray. The dependence on ground location
specifically has an order of magnitude change in relative timing of 10-8 ns per 100 meters of changed
ground location at most. Going back to the creation of the model and removing the assumption about
the telescopes being point-detectors that only detect light at one location, the timing dependence on
ground location change can also be used to infer what the maximum change in timing for all light
observed by one of the 12-meter telescopes would be, specifically that it would at best be on the order
of nanoseconds. This change in timing is less than what is observed by VERITAS, and therefore shows
that the geometric model is too simplified to be conclusive regarding pixel-to-pixel timings. Additionally,
the model has all Cherenkov light arriving at a given telescope sharing the same orientation, which
makes it incompatible with VERITAS’s chi-square minimization where different pixels represent different
orientations. The combination of the small timing differences and the pixel incompatibility gave rise to
the need for a higher resolution model.

3 The Light Propagation Model
3.1 Overview of the Model
We developed a more realistic model, the light propagation model, to achieve higher resolution and
correct for the inadequacies of the geometric model. The principle behind the light propagation model
was that the full set of possible Cherenkov light paths could be approximated by breaking components
of the physical situation that are usually continuous into discrete segments. Instead of Cherenkov light
being emitted from the shower continuously, the model only had Cherenkov light be emitted at distinct
heights. Instead of Cherenkov light being emitted in a cone shape about the shower with constant
Cherenkov angle, the model broke the 360-degree possible range into finite, evenly spaced paths
Cherenkov light was emitted along. Finally, instead of having all the emitted Cherenkov light
continuously bend and travel with variable speed as it propagated through the atmosphere’s altitudedependent index of refraction, the light propagation model broke the entire height the Cherenkov light
had to travel into a finite number of segments and treated the index of refraction as constant within
each segment.
A visualization of the complete output of the model displaying the discretization of the different
model elements in shown in Figure 8. By increasing the number of discretized elements, the model
could simulate the propagation of all possible light paths to whatever resolution was needed for an
application. The trade-off for this approach was that the more complete model of propagating many
possible light paths was very computationally expensive. However, because the light propagation model
could run Cherenkov light simulations independent of the telescope locations, the model only had to be
run once for each gamma-ray elevation, and the results could then be translated and rotated relative to
the telescope locations to represent different gamma-ray ground locations and azimuths.
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Figure 8: Visualization of the light propagation model.

3.2 Assumptions, Simplifications, and Limitations
Compared to the geometric model, most simplifying assumptions were thrown out for the light
propagation model. However, the primary simplifying assumption that the air shower could be modeled
as a single line with the same orientation as the gamma-ray remained, though this assumption was able
to be partially corrected for later, which is discussed in section 4.1. Part of this assumption also meant
neglecting effects from the Earth’s magnetic field that would cause the air shower to bend and negate
any azimuthal symmetry. A second simplifying assumption that remained was that the energy of the air
shower was constant and large causing the air shower to travel at approximately the speed of light and
to always emit Cherenkov light at the maximum possible Cherenkov angle. Finally, the telescopes were
all once again considered to be at the same altitude, and the impact of this assumption was calculated
to be small compared to other errors. The primary limitation of the light propagation model was that
the accuracy of the model was limited by how much computing power was available to run the
simulation. The total number of segments Cherenkov light had to propagate through was directly
proportional to the product of the number of elements in each discretized parameter, so increasing the
resolution of each parameter would lead to an exponential increase in the number of required
computations, specifically an X3 increase where X is the factor by which the number of elements was
increased.

3.3 Mathematical Description
The model was created by first taking the gamma-ray’s elevation and azimuth and generating the
path the air shower would take to reach the ground from a chosen starting height. The total height was
then broken into a finite number of points Cherenkov light would be generated from, and the time at
which the air shower would reach each of the heights was calculated relative to a zero time at the
starting height assuming the air shower moved at the speed of light. At each of these heights, a vector
representing the air shower’s path was transformed from its default Cartesian coordinate system with a
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vertical z axis and an x axis pointing east into a coordinate system where the vector was in-line with the
z axis using the y and z rotation matrices
𝑅𝑦 = (

𝑐𝑜𝑠(𝜃) 0 𝑠𝑖𝑛(𝜃)
𝑐𝑜𝑠(𝜙) −𝑠𝑖𝑛(𝜙) 0
0
1
0 ), 𝑅𝑧 = ( 𝑠𝑖𝑛(𝜙) 𝑐𝑜𝑠(𝜙) 0)
−𝑠𝑖𝑛(𝜃) 0 𝑐𝑜𝑠(𝜃)
0
0
1

The y rotation matrix was then used again to rotate the vector by an angle equal to the maximum
Cherenkov emission angle at the height, creating the first vector describing the path of some Cherenkov
1

light. The maximum Cherenkov angle was calculated using 𝜃𝑚𝑎𝑥 = 𝑐𝑜𝑠 −1 (𝑛) where n is the index of
refraction of the atmosphere as a function of altitude and 𝜃𝑚𝑎𝑥 is the maximum Cherenkov angle. The z
rotation matrix was then used to rotate the newly created vector in increments of 360/n degrees, such
that a family of n total vectors were generated where each vector represented the path of some
Cherenkov light. All vectors were then transformed back to the original coordinate system, and an
elevation and azimuth were calculated for each light path vector.
Each of the light path vectors was then transformed into a 2-dimensional plane with vertical and
horizontal axes by considering only the vector’s elevation. Within the plane an index of refraction was
chosen based on the starting altitude, and Cherenkov light was then propagated along the light path for
a finite change in altitude. The total change in horizontal position corresponding to the change in
altitude and the time taken were also calculated. A new index of refraction was then found for the
ending altitude, and a modified Snell’s law given by
𝜋
𝜋
𝑛1 𝑠𝑖𝑛 ( − 𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛1 ) = 𝑛2 𝑠𝑖𝑛 ( − 𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛2 )
2
2
was used to calculate a change in the light path vector’s elevation as it traveled from the starting index
of refraction to the new index of refraction. The Cherenkov light was then propagated for another finite
change in altitude, and the above calculations were repeated, summing the change in horizontal
position and time with the previous results to get a total change in position and time. This overall
process was repeated until the Cherenkov light was propagated all the way to the ground, and Figure 9
shows a visual summary of the method.

Figure 9: Diagram of the method used to model light propagation through the atmosphere.
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The original azimuth of each Cherenkov light path before the 2-dimensional transformation was
then used to convert the light paths which had been propagated to the ground back to the original 3dimensional cartesian coordinate system. This transformation was done by turning the change in 2dimensional horizontal position into changes in x and y ground location using ratios given by the
azimuth. After the light propagation process was repeated at each of the designated emission heights,
the data was unified to common reference points by adding the Cherenkov light emission times and
positions at each designed heights to their respective light paths’ information. The completed result was
that the model output the elevation and azimuth for the Cherenkov light that reached each ground
location, in addition to the time when that light would reach the ground relative to the common zero
time of when the air shower was at the starting height. This output had the same general structure as
the templates the model was trying to recreate and was compatible with the VERITAS gamma-ray
parameter reconstruction.

4 Comparison of the Model with VERITAS
4.1 New Template Creation
An incomplete set of new templates were created to compare with the previous templates and
signal collected by the telescopes called VERITAS data. These templates were made to correspond to the
elevations of pre-selected templates and VERITAS data and were run with a large enough number of
discretized elements that each template took around 24 hours to compute. The starting height for these
templates was chosen between 8 and 10 kilometers so that Cherenkov light emitted at higher heights
wouldn’t arrive near the telescopes and could be neglected.
Generating these templates also involved partially correcting for the error induced by assuming that
air showers were entirely in-line with the gamma-ray’s orientation. This correction was done by
generating additional templates to supplement a primary template, where the additional templates
were calculated for a gamma-ray with a slightly different azimuth and elevation than the primary
gamma-ray. The additional templates then had all their timing and positioning information offset such
that the location of their air showers at time zero was the same as the location of the primary
template’s air shower at time zero, and the results of the additional templates were added to the
primary template.
This correction allowed the primary template to replicate an air shower which wasn’t entirely in-line
with the gamma-ray’s orientation and instead dispersed over a variety of tracks which were all close to
the gamma-ray’s orientation, which is much more consistent with how air showers are observed in
reality [1] than the original assumption. However, this correction only served to partially approximate a
full air shower both because it could only simulate a finite number of air shower particle trajectories
instead of all possible particle trajectories, and because it assumed all particles maintained constant,
equal energies and speeds where in a full air shower energy is split between particles.
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4.2 Interfacing with VERITAS
Before the new templates could be compared to the existing VERITAS reconstruction, they had to be
modified to properly interface with the existing VERITAS reconstruction process. The first step in this
modification was that the templates gave data on Cherenkov light arriving everywhere, while VERITAS
only collects Cherenkov light that reaches one of the four telescopes. The code therefore had to select
the Cherenkov light from the templates which would be detected by VERITAS. Two different approaches
were tried to select the right data. The first approach was to select all light that reached the ground
within a 20-meter radius of the base of each telescope. This approach clearly selected too much light
but ensured that, even with lower resolution templates, general information on what the elevation and
azimuth associated with light arriving at a telescope would be. The second approach used each
telescope’s height, disk size, and orientation to trace out a shadow on the ground which corresponded
to all light that would be caught by the telescope’s mirrors. Only template data from within the shadow
was then associated with each telescope. This approach also revealed a slight error regarding the
Cherenkov light timing and elevation because the light was propagated all the way to the ground when
it would actually be detected several meters off the ground. However, this source of error was
calculated to be negligeable compared to those created by other assumptions. When the two data
selection approaches were compared, they were found to give qualitatively similar results, and so the
first 20-meter radius approach was used as it was less computationally complex.
The second modification to connect the new template data to VERITAS came from the template
being in a different coordinate system than the VERITAS analysis. The new templates gave information
in a cartesian coordinate system which was called the ground place by the existing VERITAS software.
This coordinate system was defined by the x and y axes being parallel to the ground, and the +z axis
being vertical. The VERITAS software uses two other coordinate systems called the telescope plane and
the camera plane. The telescope plane shares an origin with the ground plane but is rotated so that the
+z axis is parallel to the pointing of the telescopes and exists as an intermediate step in the
transformation from the ground plane to the camera plane. The camera plane is where the VERITAS
software does its chi-square minimization, and the plane is a gnomonic projection from azimuth and
elevation coordinates defined in the telescope plane. A gnomonic projection is a 2-dimensional
coordinate system which allows vectors from a spherical coordinate system to be defined by the x and y
locations they pass through on a plane perpendicular to a characteristic unit vector in the spherical
coordinate system, shown in Figure 10.
The gnomonic projection is useful because the telescopes’ phototubes are mounted on flat surface
at different x and y locations and light is reflected by the telescope mirrors such that light from a specific
azimuth/elevation relative to the telescope’s pointing goes to a specific phototube. This physical process
is equivalent to the coordinate transform between a spherical coordinate system and a gnomonic
projection where the telescope’s pointing, which is the same as the telescope plane’s +z axis, is the
characteristic unit vector. As such, the existing VERITAS codebase is written storing phototube locations,
displaying recorded data, and performing chi-square minimization in a gnomonic projection.
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Figure 10: Visualization of the transformation from spherical vectors to a gnomonic projection.
After modifying the new templates so that only data which would be detected by a telescope was
kept and then transforming that data from the ground place to the camera plane, the new templates
were then in the exact same format as the existing templates and VERITAS data from the telescopes,
allowing their results to be compared.

4.3 Results of the Comparison
Overall, comparison of the new templates to the existing templates and VERITAS data shows that
the new templates only work in some cases. The new templates don’t have signal amplitude information
while the existing templates don’t have accurate timing information, so the only aspect which can be
compared to check accuracy is signal location. In the following plots, the templates will be compared on
a telescope-by-telescope basis, with T1 representing the comparison of templates for telescope 1, T2 for
telescope 2, etc.
17

Figure 11: First set of representative plots comparing new template predictions to those of the existing
templates, showing cases of both agreement and disagreement.
When the gamma-ray ground location is far from a telescope, the new templates agree with the
existing templates as shown in the panels in Figure 11 for T1, T3, and T4, and the panels in Figure 12 for
T2, T3, and T4, where the blue crosses, labeled “Prediction,” represent predictions from the new
templates and the multicolored dots, labeled “Template,” represent predictions from the existing
templates. In all these plots there’s a high degree of agreement between the two predictions. While the
existing templates show signal detection in wider areas, this is expected due to the light propagation
model’s assumption that air showers stay linear, which idealizes away expected variation in elevation
and azimuth, and the use of discretized elements which also eliminates expected variation.
When the gamma-ray ground location is close to a telescope, a significant mismatch between the
two models emerges, as shown in Figure 11’s T2 plot and Figure 12’s T1 plot. In both these cases, the
new template predicts an arc-shape while the existing template predicts a splotch of signal in the
direction of the center of the arc. The arc-shaped prediction is due to a substantial portion of one of the
cones shown in Figure 8 being observed by a single telescope, which occurs when the gamma-ray
ground location is close to a telescope. The likely explanation for this discrepancy is that by the time the
air shower reaches closer to the ground, enough energy has been dissipated and spread that Cherenkov
light is being produced at a variety of angles less than the maximum Cherenkov angle, leading to the
splotches of light closer the center of the arc. Figure 13 reinforces the idea about the mismatch between
the predictions when the gamma-ray ground location is close to a telescope by showing a case where
multiple telescopes were extremely close to the gamma-ray ground location, resulting in chaotic
predictions and almost no agreement. Figure 13 also involves multiple templates being superimposed
on each other as described in section 4.1, and as a result shows multiple arcs such as in the plots for T1
and T3.
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Figure 12: Second set of representative plots comparing new template predictions to those of the
existing templates, showing cases of both agreement and disagreement.

Figure 13: Third set of plots comparing new template predictions to those of the existing templates,
emphasizing cases of disagreement.
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5 Conclusion
5.1 Implications for the Research Objective
While the results of the template comparison may seem promising and suggest future fixes by
increasing template resolution, superimposing larger numbers of templates together, and accounting for
Cherenkov light produced from less-than-maximum Cherenkov angles, this solution is unfortunately not
viable because the result is that light from almost all gnomonic orientations hits every location on the
ground. Figure 14 shows an example of a super high-resolution template where many additional
templates were added together and the area data was collected from was increased, demonstrating
how adding more variation to the air shower causes the arcs to thicken as Cherenkov light moves closer
to the center. However, the imagined end state as more and more templates are superimposed is that
the entire shape is filled, at which point any of a wide number of different existing templates and
VERITAS data would exactly match, eliminating the ability to reconstruct specific gamma-ray parameters
from future VERITAS data.
The point of being unable to use the templates to extract gamma-ray parameters is worsened when
the original purpose of the model, to create templates with timing information for chi-square
minimization improvement, is considered. When the model allows for Cherenkov light to follow multiple
paths and then be detected with the same gnomonic position, each path will have a different timing
associated with it, and the timing associated with any single position would be a continuous range of
possible values. When trying to do a chi-square minimization using such templates, the fact that the
prediction gives a continuous range of values would make chi-square minimization unable to choose
between multiple templates if the data fell within all the templates’ ranges.

Figure 14: Super high-resolution template with additional templates superimposed.
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Figures 15 and 16 show examples of the range of pixel timings predicted by the same super highresolution new template shown in Figure 14 compared to the range of pixel timings associated with
VERITAS data, demonstrating how much wider the predicted timing range is for a template which
includes many light paths. The massively wider timing range suggests that the above concern of being
unable to use chi-square minimization on high-resolution templates that consider more Cherenkov light
paths is valid.
One possible solution to this issue is to have the template only use timing information associated
with the earliest Cherenkov light that reaches each pixel, because VERITAS only records the time when
light is first detected by each pixel. However, if this approach was taken then the templates would look
radically different based on which resolution was chosen. This would introduce an additional degree of
freedom in the templates that would prevent chi-square minimization from being used because
different templates corresponding to different resolutions would give different best-fit reconstructed
gamma-ray parameters without any metric for choosing which resolution gives the correct parameters.

Figure 15: A different perspective of the same super high-resolution template from Figure 14
demonstrating the new template’s Cherenkov light detection timing predictions.

Figure 16: Comparison of the super high-resolution template’s predicted Cherenkov light detection
timing range to the variation in detection time from VERITAS data.
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5.2 Future Work
The geometric model was comparatively cheap in terms of required computational power and gave
predictions for how light arrival time would change in response to different gamma-ray ground
locations. Looking at the timing gradient of the VERITAS data from Figure 16 and assuming a worst-case
scenario where the true arrival times have a linear relationship between time and position, then the
uncertainty in timing measurements is on the order of magnitude of 10-9 ns. This uncertainty is less than
the best-case change in inter-telescope timing for changing the gamma-ray ground location by 100 m in
the geometric model, which suggests that the geometric model can solve the secondary objective of the
research by providing a variable, inter-telescope light arrival time, which differs between gamma-rays
that are closer to the telescopes and gamma-rays that are farther from the telescopes. Additionally, as
shown in Figure 7, the magnitude of the timing differences depends heavily on elevation with higher
gradients at lower elevations, meaning this solution is especially applicable at lower elevations where
the existing VERITAS reconstruction would see the most benefit from including timing information.
As for the primary goal of improving chi-square fitting by using timing information, the conclusion of
the light propagation model is that deterministic approaches aren’t useful for the application because
there are too many degrees of freedom involved in how Cherenkov light may reach a given ground
location. If all paths are considered, not only will the computation time be tremendous, but the resulting
templates won’t be applicable for chi-square minimization. The existing templates avoided these
redundancy issues by using probabilistic modeling of the physics involved in the creation of the air
shower. By doing this, instead of considering all possible Cherenkov light, the templates only consider
the Cherenkov light created by their air shower simulations. VERITAS data will then likely not exactly
match the template, but chi-square minimization allows for the VERITAS data to be fit with the template
it is most likely to have shared gamma-ray parameters with. However, the process of generating the
probabilistic templates is also incredibly computationally expensive, which is why the existing
simulations haven’t been rerun to generate timing template information.
Because purely deterministic modeling is ruled out as a viable solution, the next step towards
solving the primary goal is to remake the light propagation model without the assumption of a linear,
constant energy air shower and the inadequate correction of superimposing templates together, and to
instead use the physics behind air showers to determine which Cherenkov light paths are most likely and
should be modeled. This approach may lead to sufficient timing modeling while also being less
computational expensive than rerunning the full simulations used to generate the existing templates
modified to also model timing information. If followed, this approach of probabilistic air shower
modeling could also save deterministic model in general and the light propagation model in particular by
providing reasonable limits on what resolutions and template superpositions should be considered
when creating templates, allowing the approach of considering only the earliest Cherenkov light arrival
times to be used.
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